We introduce a fiber ring optical resonator based on adiabatic fused-fiber grating couplers. The coupling of a through fiber to the resonator is controlled by the strength of the fiber Bragg gratings. By using two of these couplers and incorporating erbium-doped (ED) fiber in the ring, we control the internal loss of the ring by pumping the ED fiber. The transmission spectra of the through port and the drop port of a four-port configuration, a ring coupled to two waveguides, are measured. We show that the loss/coupling ratio of the ring-fiber system can be changed and thus that the transmission properties of the fiber can be controlled.
We describe a fiber ring optical resonator in which an internal round trip involves one or more ref lections from a grating coupler. In addition to the novelty of the resonator, 1 -3 it affords a new means of controlling coupling by varying the strength of the grating that couples the ring resonator to the through fiber. This coupling control may offer advantages compared with control schemes that depend on mechanical position control. 4 Other types of fiber grating filter can be used instead of the fused-fiber adiabatic grating described here, but some of these others depend on interference 5 and thus on precise dimensional control, which renders them less attractive.
The generic geometry is illustrated in Fig. 1 . Each coupling region is described by a universal detailindependent 6 matrix equation such as
for the coupling between ring C and waveguide a, and similarly for the coupling between the ring and waveguide b. We assume that the coupling is lossless, so jtj 2 1 jkj 2 1 for each coupler, and assume that all loss in the device is within the ring and is described by loss parameter a such that the fractional internal intensity loss per circulation is 1 2 a 2 . The normalized intensity output of this device at a 2 for an input at a 1 is then
where we have def ined a new loss parameter, a a ajt b j. This def inition allows for the fact that, viewed from the input side, the second coupling region, which is characterized by t b , is just another loss element in the ring with a total loss parameter ajt b j. Circulation about the ring is then described by C 1 a a exp͑iu͒C 2 , where u is the total phase shift per circulation, including the gratings' ref lections. The normalized intensity output at b 2 for an input at a 1 is
From Eq. (3) we see that lossless, full power switching at resonance (zero output at a 2 and all incident power leaving from b 2 ) will occur only if jt a j jt b j and a 1.
For the Bragg grating coupler used in this experiment the elements of the coupling matrix in Eq. (1) 2 is the propagation loss and u is the phase delay.
In this case, one can control coupling matrix elements k a and t a by varying grating strength K and (or) frequency v. From Eq. (2) we def ine the critical coupling condition at resonance as one for which all the power is transferred from a 1 to the ring, i.e., ja 2 j 2 0. This condition occurs when a a jt a j. By controlling the losses in the ring, i.e., controlling a, we may affect the coupling to the ring and thus the transmission properties of the through f iber. For suff iciently small values of coupling, jt a j ϳ 1, the transmission is highly sensitive to small changes in a a in the overcoupled regime, a a . jt a j, as can be seen from Fig. 2(a) . Although it is not always convenient to work in this regime because of the intrinsic losses in most materials, for an all-fiber device we take advantage of erbium-doped (ED) fiber to provide gain and achieve the overcoupled condition.
A schematic of our device is shown in Fig. 3 . The interaction mechanism was provided by two adiabatic fused-fiber grating couplers. 8 Without the gratings, light entering as a 1 will continue, essentially, without loss to arm C 2 and exit as b 2 . Similarly, light entering as b 1 will travel along arm C 1 and exit at a 2 . Introducing the grating causes wavelengths near the Bragg value, l Bragg , to see the gratings. For incident wave a 1 , a wave t a a 1 proceeds to a 2 while k a a 1 joins C 2 . Coefficients t a and k a are given, respectively, by Eqs. (4) and (5) .
Employing two of these adiabatic couplers, as shown in Fig. 3 , causes a ring to be formed by arms C 1 and C 2 . This ring is apparent only to wavelengths near l Bragg , and these see the same generic geometry as Fig. 1 with complex grating ref lectances r a and r b assuming formally the roles of parameters t a and t b as given by Eq. (4). Thus, control of the coupling, which is the key for all applications of such resonators, is achieved by control of the gratings' strength. This control is particularly important for the matched couplers needed for full power switching. An ED fiber was incorporated into arm C 1 and pumped with a 980-nm laser through ports b 1 and a 2 , allowing us to control a by controlling the pump power. Splicing the ED f iber into arm C 1 rather than into arm C 2 causes nonresonant wavelengths to pass through the device unaffected by the erbium; only the resonant wavelength will be affected by the ring resonances.
The measured transmission of the through and drop ports at resonance, as shown in Fig. 3 , are shown in Figs. 2(a) and 2(b) , respectively, as functions of a, the loss parameter. To achieve the wide range of a we scanned the current in pump 2 from 50 to 350 mA with pump 1 off and then turned on pump 1 and scanned pump 2 again. The measured intensity from pump 2 ranged from 3.17 to 13.48 dBm, and the measured intensity of pump 1 was 18.65 dBm. From the transmission spectra showing normalized transmission as a function of the detuning from resonance in Fig. 4 we inferred a by f itting Eqs. (2) and (3) to the linewidth and the depth of the resonance. From these spectral measurements we determined that the bandwidth was ϳ5 MHz and the free spectral range was 150 MHz because of the length of the ring, 1.5 m. Within the ring, arm C 1 consisted of 51 cm of high-concentration ED fiber. The coupling values were measured to be jt a j jr a j 0.856 and jt b j jr b j 0.991. The highly mismatched coupling of our device resulted in small signals from the drop port, b 2 . However, from the measurements taken of the through port, a 2 , we observed the main feature required of an eff icient switch or modulator, a high degree of sensitivity to the control parameter. From Fig. 4(a) we see that, near critical coupling, a 0.910, we achieve nearly 216.2-dB extinction. When the resonator is overcoupled, a 0.998, we achieve approximately 21.18 dB of transmission loss. This translates to a 15-dB signal modulation by use of a small change in a, Da 0.0879, with an insertion loss of approximately 1 dB. However, because of the saturation effects of the ED fiber, this change in a required pump powers from 11.29 to 27.85 dBm, DP pump 16.56 dBm. In addition, the switching -modulation time of the device is ultimately limited by the relatively long transition rates of the erbium energy levels (approximately 10 ms 10 ms͒. 9 In conclusion, we have demonstrated a new type of optical f iber ring resonator based on asymmetric, adiabatic fused-f iber grating couplers. We achieve the control of the coupling that is essential to communication and scientific applications by varying the grating strength.
